Abstract: A three-dimensional finite volume model was established by ANSYS FLUENT software to simulate material flow behavior of the refill friction stir spot welding (RFSSW) process. The RFSSW experiment was performed to validate the rationality of the simulation results. Simulation results show that the maximum velocity appears at the sleeve outer wall. The velocity becomes smaller as the increase of the distance to the tool walls. The material flow behaviors are verified by the cross section and microstructure of the RFSSW joint. Low flow velocity in the joint center leads to alclad concentration, which easily results in shear fracture. The sleeve plunge depth must be bigger than the upper sheet thickness in order to obtain joint with large bonding area. Both increasing the rotational speed and refilling speed accelerate the material flow while increasing the rotational speed is a more effective method.
Introduction
As a variation of friction stir welding (FSW) [1] , friction stir spot welding (FSSW) is mainly used to join two or more materials in a lap joint. FSSW is currently classified into two categories: conventional FSSW [2, 3] and refill FSSW (RFSSW) [4] [5] [6] . For conventional FSSW, A keyhole remains joint center after welding, which greatly reduces the forming quality and joint mechanical properties [7, 8] . RFSSW was developed by GKSS-GmbH in 2002, by which joint without keyhole can be attained. RFSSW, also known as friction spot welding (FSpW), is more suitable to join two or more materials into a lap joint than resistance spot welding. So far, RFSSW has been used to join similar or dissimilar metals, such as Al-Al alloys, Mg-Mg alloys and Al-Mg alloys [4] [5] [6] [9] [10] .
Up to now, some studies have been done to investigate microstructure, mechanical properties and thermal analysis of RFSSW process [5, 6, 9, [11] [12] [13] [14] [15] . Tier et al. [6] found out that increasing the rotational speed from 900 rpm to 1,900 rpm decreased the bonding ligament length. Shen et al. [5] reported that the alclad between the upper and lower plates was the main feature affecting the joint mechanical properties. Rosendo et al. [11] showed that the geometric features of RFSSW joint played a very important role on the fracture mechanism. Suhuddin et al. [9] found out that material flow behavior induced by tool greatly influenced the distribution of the intermetallic compounds between AA5754 Al and AZ31 Mg alloys. Similar to FSW [16] [17] [18] [19] [20] [21] , RFSSW is a solid-state joining process and material flow behavior during welding is the most important factor determining the joints quality. So far, few studies have been done to investigate material flow behavior [22] [23] [24] [25] [26] [27] . MuciKüchler et al. [23] and Itapu et al. [24] investigated the material flow behavior of RFSSW by the software Abaqus/ Explicit. Kalagara et al. [27] attained the visualization of material flow by means of marker materials. According to which part of the tool is the plunging element, RFSSW process can be divided into pin plunge process [26] and sleeve plunge process [28] . However, most studies are based on the pin plunge process [22] [23] [24] [25] [26] [27] .
In this study, in order to obtain the material flow behavior in detail, RFSSW process is investigated using the computational fluid dynamic software FLUENT. On basis of the experimental verification, effects of welding parameters on material flow behavior are discussed. Different from the reported studies [22] [23] [24] [25] [26] [27] , the RFSSW process in this study is the sleeve plunge process.
Model description Principle of RFSSW
The tool system used in RFSSW consists of three parts: pin, sleeve and clamping ring. During welding, sleeve and pin can be independently rotated and moved up and down. The RFSSW process is performed in four stages: friction-heating stage, plunging stage, refilling stage and forming stage, as shown in Figure 1 . At the friction-heating stage, the clamping ring fixes the two plates together and both sleeve and pin begin to rotate, so the frictional heat is produced on the upper plate surface to soften the base material (BM) (Figure 1(a) ). At the plunging stage, the sleeve plunges into the plates and the pin moves upwards. Therefore, a cylinder cavity is formed, where plastic material with high temperature is extruded by the sleeve (Figure 1(b) ). At the refilling stage, the sleeve and pin's movement directions begin to reverse until they simultaneously reach the upper plate surface. At this stage, the plastic material is refilled to the cavity left by the sleeve (Figure 1(c) ). At the forming stage, the tool stops rotating and then is removed from the plate surface (Figure 1(d) ). The joint without keyhole is therefore attained by RFSSW.
Solid model and mesh generation
The main functions of the clamping ring are fixing plates and preventing plastic material from being squeezed out of the joint. The main components stirring the material are sleeve and pin [11] . Therefore, the clamping ring is omitted in simulation. Figure 2 shows the solid model of simplified RFSSW tool and the mesh generation. In Figure 2 (a), the solid model consists of sleeve and pin. Assuming no material flows into the small gap between the pin and the sleeve. The pin diameter is considered to be equal to the sleeve inner diameter. The inner and outer diameters of sleeve are both equal to those corresponding dimensions used in experiment. Moreover, the distance between the pin bottom and the sleeve bottom is variable in simulation to represent the plunging or the refilling stages. Figure 2(b) shows the mesh generation of the simulation model. During simulation, the upper and lower plates are assumed to be one single plate and the thickness of the plate is 3.5 mm.
Material parameters
Similar to FSW, the plastic material with high temperature during RFSSW is violently stirred by the tool [5] , so the material can be considered as fluid. In this study, RNG k-ε model is chosen to analyze the flow behavior of RFSSW process. The material parameters used in numerical simulation are mainly the specific heat, thermal conductivity, viscosity coefficient and mass, whose values of LY12 are respectively 1,172 J/kg · K, 176 W/m · K, 40 kg/m · s and 2.27 g/cm 
Boundary condition and welding parameters
During RFSSW, the plunging and refilling stages are the most important stages determining the joint quality [5, 8] , so the two stages are mainly discussed. In RFSSW, the pin and sleeve rotate and linearly move in the same or opposite directions. During simulation, the material flows into the computational region through inlet and flows out from outlet. The initial flow velocity of fluid is used to represent the plunging speed or refilling speed. In order to describe the relation between the tool and the metal material contacting with the tool, the non-slip boundary condition is used. At the plunging stage, the fluid flows into the plates from the bottom side and flows out from the top side ( Figure 3 ). The right, left, front and rear sides are all supposed to the moving walls, and the moving speed is equal to the plunging speed. The elements that are used to describe the sleeve and pin are supposed to be the rotational walls while the rotational speed and direction of walls are both the same as those of rotational tool system. In this study, the rotational velocities are 1,000 rpm, 1,500 rpm and 2,000 rpm, respectively.
At the refilling stage, the fluid flows in and out from the top and bottom sides, respectively. Moreover, the other boundary conditions are the same as those at the plunging stage. Besides, three refilling speeds of 4 mm/s, 6 mm/s and 8 mm/s are discussed in order to investigate the effect of refilling speed on material flow behavior.
Experimental procedure
In this study, two plates of LY12 aluminum alloy were welded together by a RFSSW machine (RPS100 SK10). The thicknesses of upper and lower plates were 1.5 mm and 2.0 mm, respectively. The sleeve plunge depth and dwell time were 1.8 mm and 0.5 s. Rotational speeds of 1,500 rpm and 2,000 rpm were used to verify the rationality of simulation. The tool system used in the experiment is shown in Figure 4 . The inner and outer diameters of the sleeve are 5.2 mm and 9 mm, respectively. The diameter of the pin is 5 mm.
Before welding, the overlap regions of the plates were polished with sandpaper to wipe off the oxidation layer. After welding, the specimens were cut through the joint center by an electrical discharge cutting machine. Cross sections of the joints were observed using the optical micrograph (OM) after etched with Keller's reagent. The Keller's reagent is composed of 2 ml HF, 3 ml HCl, 5 ml HNO 3 and 190 ml H 2 O.
Results and discussion
In order to investigate the material flow behavior in detail, three sections are analyzed, as shown in Figure 5 . Section a is through the joint center and perpendicular to the lap interface. During FSW, the most important factor determining the joint quality is the flow behavior at the butt interface [29] . Similarly, the material flow behavior at the lap interface is the decisive factor influencing the lap joint quality. Therefore, section b is chosen to be the lap interface. To understand the material flow behavior at the lower plate, section c is assumed to be parallel to the sleeve bottom. Distance between section c and plate lower surface is 1 mm.
Material flow behavior and experimental verification
Figures 6 and 7 show the three-dimensional material flow fields and flow fields of section a and b. The rotational speed, plunging speed, refilling speed and plunge depth are 1,000 rpm, 4 mm/s, 4 mm/s and 1.8 mm, respectively. It is seen that the material inside and outside the sleeve flows along the tool. The flow direction can be decomposed into two parts. One is the same as the tool, the other is upward or downward.
During RFSSW, pin and sleeve simultaneously rotate, driving the contacting material to flow. Flow velocity of the material contacting with the tool is supposed to be equal to the linear velocity of the contacting point on the tool. Therefore, the material near the sleeve walls and pin bottom undergoes high flow velocity. There is right-screwed thread on the sleeve outer wall (Figures 2(a) and 4) . When plastic material flows into the thread groove, the velocity greatly increases, which can be explained by the continuity law of fluid [18] . Moreover, the linear velocity of the point on the outer wall is higher than that on the inner wall. The two reasons cause the velocity near the outer wall to be higher than near the inner wall. The material contacting with the tool also drives the material nearby to flow. The material flow velocity rapidly decreases with the increase of distance away from the walls. The decrease trend can be reflected in horizontal and vertical directions. In horizontal direction, the material inside the sleeve is insufficiently stirred, which is 0.0458 m/s when using 1,000 rpm. As the distance from the sleeve outer wall increases, the flow velocity gradually decreases (Figures 6(c) and 7(c) .) In vertical direction, the velocity becomes smaller as the distance from the sleeve bottom increases (Figures 6(b) and 7(b) ). Figure 8 shows the cross section and microstructure of RFSSW joint. In Figure 8(a) , the bonding ligament appears in the joint center, proving that the alclad is not completely broken and mix with BM (LY12 alloy). The bonding ligament is thicker in the center (Figure 8(a) ), which agrees with the flow velocity in Figures 6 and 7 . In fact, due to different flow behaviors of the stir zone (SZ), the microstructure can be clarified as pin affected zone (PAZ) and sleeve affected zone (SAZ) [27] , as shown in Figure 8 The bonding ligament can easily result in kiss-bonding or stress concentration, reducing the joining strength [6] . When RFSSW joint bears tensile shear load, crack more easily propagates along the bonding ligament, resulting into shear fracture mode in Figure 9 . Shear fracture mode is also reported by other researchers [5, 6] .
To pure metal, the recrystallization temperature is about 40 % of melting temperature. The existence of other elements heightens the recrystallization temperature. Figure 9 : Shear fracture mode.
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Although RFSSW is a solid-state joining process, the BM recrystallization temperature is lower than the SZ peak temperature, which is similar to FSW. Furthermore, the SZ material undergoes large strain and strain rate, therefore dynamic recrystallization (DRX) happens [30] . Generally speaking, lower flow velocity is detrimental to high strain or strain rate, which may cause coarse grains. From Figure  8 (c)-8(e), it is seen that the grain size increases with the increase of distance away from the joint. Furthermore, the decrease of the material flow velocity in the vertical direction can be reflected in the grains at the lower plate below the bonding ligament, as shown in Figure 10 . It can be seen that the area adjacent to the bonding ligament are characterized by equiaxed grains because of the sufficient mechanical stirring. As the distance increases, the grains are partially broken owing to moderate material flow behavior and thermal cycle. At the bottom, there are coarse grains with irregular boundaries which only undergo thermal cycle during the welding process. Figure 11 shows the material flow behavior of section c at the plunging stage. Compared with the material flow velocity at section b in Figure 6 (c), it can be seen that the flow velocity of section c is much smaller owing to insufficient mechanical stirring. The trend agrees with the grains variation shown in Figure 10 , which further verifying the rationality of the model.
Material flow behavior during the RFSSW process
In this section, other conditions whose sleeve plunge depths are 0 mm and 0.9 mm are mainly discussed. Due to the similarity of the flow behaviors at the plunging and refilling stages in Figures 6 and 7 In Figure 12 (a), the pin and sleeve rotate on the upper plate surface. Therefore, the flow fields can be considered as the end of the friction-heating stage. As shown in Figure 12 , high speed area appears in the region contacting with the tool. The flow velocity reaches the maximum at the sleeve outer edge. The flow velocity becomes smaller as the distance to the tool surface becomes bigger. Judging from the flow behavior of section b indicated in Figure  12 (a) and 12(d), it is seen that the flow velocity at the lap interface is very small and shows little upward or downward flow trend. According to Yin et al. [31] , hook defect in lap joints is formed as a result of the pin penetration, which means that there is a possibility to eliminate hook when there is no pin penetration or retraction movement or the material flow velocity at the lap interface is very low. This has been reported in the paper of Li et al. [32] in which they successfully eliminated the hook defect using a pinless tool. The simulation results in this study can 100 µm Bonding ligament further explain the investigation result of Li et al. [32] from the viewpoint of material flow behavior.
When the sleeve plunge depth is 0.9 mm, the material flow behavior is evidently enhanced, which are reflected by the maximum velocities at sections a and b (Figure 12(b) ). The high-speed flow areas using different plunge depths are shown in Figure 13 . It can be seen that the high-speed flow area evidently increases as increasing the plunge depth. However, compared with the material flow field using 1.8 mm, material flow behavior at the lap interface using 0 mm and 0.9 mm is much weaker. This is because when the plunge depth is less than the upper plate thickness, the flow of lap interface is mainly driven by the material contacting with the tool, easily resulting in weak bonding. Hence, in order to enhance material flow behavior at the lap interface then to increase the bonding area, the sleeve must be assured to plunge into the lower plate.
Effect of welding parameters on material flow behavior
According to Tier et al. [6] , the most significant parameters influencing the RFSSW joint quality are plunge depth, rotational speed and plunging speed. Section 4.2 can be regarded as effects of sleeve plunge depths on the material flow behavior. In order to investigate effects of other parameters on the material flow behavior, the following sections are discussed.
In this section, rotational speeds of 1,000 rpm, 1,500 rpm and 2,000 rpm are studied. Results show that with increasing the rotational speed from 1,000 rpm to 1,500 then to 2,000 rpm, the maximum velocity increases from 0.438 m/s to 0.657 m/s and then to 0.881 m/s. The high-speed areas are shown in Figure 14 . It can be seen that the materials show similar flow directions but different velocity values. In Figure 14 , the high-speed area distinctly increases as increasing of the rotational speed, which agrees with the grains in TMAZ. Figure 15 shows the TMAZs using 1,000 rpm and 2,000 rpm. It can be seen that the grains in TMAZ in Figure 15 (a) are much coarser than that of the grains in Figure 15 (b). Therefore, conclusions can be obtained that increasing the rotational speed is an effective method in terms of enhancing the material flow behavior.
As introduced above, the material in the joint center is always not sufficiently stirred, which easily leads the alclad concentration. With increasing the rotational speed from 1,000 rpm, 1,500 rpm to 2,000 rpm, the flow velocity in the joint center gradually increase from 0.0458 m/s, 0.0674 m/s to 0.0906 m/s. Bigger flow velocity is beneficial for the mixing between alclad and BM. Figure 16 shows the joint cross-section of the using 2,000 rpm. Compared with Figure 8(a) , it can be seen that the bonding ligament in the center is reduced with increasing the rotational speed, which is in agreement with the simulation results. Besides, being more dispersed in the sleeve stir zone owing to enhanced material flow behavior, the broken alclad shows upward flow trend with the retraction of the sleeve at the refilling stage. As shown in Figure 16 , the upward flow trend becomes more evident with increasing the rotational speed, which agrees to Tier et al. [6] . Figure 17 shows the high-speed areas of the material using different refilling speeds. Refilling speeds of 4 mm/s, 6 mm/s and 8 mm/s are applied. When the rotational speed is a constant of 1,000 rpm, the maximum material flow velocity is the same value of 0.431 m/s using different refilling speeds. However, the material flow behavior at the lap interface is slightly enhanced with the increase of refilling speed, the maximum values (a) (b) Figure 15 : TMAZs of the joints using different rotational speeds: (a) 1,000 rpm and (b) 2,000 rpm. Besides, it can be seen that the high-speed areas are very much like but slightly increases with the increase of the refilling speed. Therefore, increasing the refilling speed is also a reasonable method in order to enhance the material flow behavior. Compared with Figure 13 in which the high-speed area is evidently increased with increasing the rotational speed, conclusion can be drawn that in terms of increasing the material flow behavior, increasing the rotational speed is a more effective method than increasing the refilling speed, which is in agreement with Tier et al. [6] .
Conclusions
(a) During the RFSSW process, the maximum flow velocity appears at the region near the sleeve outer wall and the velocity becomes smaller with the increase of the distance from the sleeve walls. (b) Bonding ligament is formed owing to the insufficient material flow in the joint center. When bears tensile shear force, bonding ligament can easily lead to shear fracture mode. (c) Hook defect in lap joints can be eliminated by a pinless tool, which is verified in terms of the material flow behavior in this study. In order to obtain the joint with large bonding area, sleeve must be guaranteed to penetrate into the lower plate. (d) Compared with increasing the refilling speed, increasing the rotational speed is a more effective method in terms of enhancing the material flow behavior.
